The chromosomal DNA that lies between the lad and lacZ genes of Klebsiella pneumoniae constitutes a 196-base pair intercistronic region that contains regulatory sequences for both genes. The probable locations of specific regulatory elements for both lacI and lacZ genes were determined by analogy with the corresponding Escherichia coli sequences. A recombinational event in ancestral DNA evidently has inverted the transcriptional direction of lac in K. pneumoniae relative to the transcriptional direction of lacI in E. coli. One end of the inversion was located within a 19-base pair sequence in the K. pneumoniae regulatory region. Sequences partially homologous to these 19 base pairs were found In two locations on either side of the E. coli lacI gene. The nucleotide sequence of the lac regulatory region in K. pneumoniae exhibits more than one possibility for folded tertiary structures. The spatial relationships of transcriptional binding sites differ in two possible structures. Associations of regulatQry and transcriptional proteins with the DNA might affect conformation of the regulatory sequences and, as a consequence, transcription of the lac genes.
The chromosomal DNA that lies between the lad and lacZ genes of Klebsiella pneumoniae constitutes a 196-base pair intercistronic region that contains regulatory sequences for both genes. The probable locations of specific regulatory elements for both lacI and lacZ genes were determined by analogy with the corresponding Escherichia coli sequences. A recombinational event in ancestral DNA evidently has inverted the transcriptional direction of lac in K. pneumoniae relative to the transcriptional direction of lacI in E. coli. One end of the inversion was located within a 19-base pair sequence in the K. pneumoniae regulatory region. Sequences partially homologous to these 19 base pairs were found In two locations on either side of the E. coli lacI gene. The nucleotide sequence of the lac regulatory region in K. pneumoniae exhibits more than one possibility for folded tertiary structures. The spatial relationships of transcriptional binding sites differ in two possible structures. Associations of regulatQry and transcriptional proteins with the DNA might affect conformation of the regulatory sequences and, as a consequence, transcription of the lac genes.
Most of the chromosomal lac operon of Klebsiella pneumoniae was cloned as a 4.8-kilobase HindIII fragment in the vector pBR322 (11) . In the accompanying paper we describe nucleotide sequence determination of a functional lacI gene, the complete lacZ gene, and part of the lacY gene (2) . The transcriptional directions of these three genes were determined by locating regions of hotollgy to the corresponding Escherichia coli lac genes. The location and orientation of the genes showed that the K. pneumoniae lac genes are organized in a divergent fashion (2) . The lacI gene lies head to head with the lacZ gene and is transcribed from the opposite strand of the DNA in relation to the lacZ and lacY genes. The sequence of the intercistronic region that lies between the lacI and lacZ genes was also determined and is reported here. This region consists of 196 base pairs (bp) that contain the information needed to initiate expression of both the lacI gene and the lacZ gene. This intercistronic sequence was analyzed in relation to E. coli lac operon regulatory sequences and in terms of evolutionary relationships. Potential alternate conformational forms of the DNA were explored and are discussed below.
MATERIALS AND METHODS
The procedures used for isolating plasmid DNA, cloning the PstI fragments, preparing sets ofdeletion derivatives, and determining nucleotide sequences of both strands of the DNA, as well as the sequence-managing programs and the origin of the file containing the nucleotide sequence of the E. coli lac operon, are described in the accompanying paper (2) . To examine the potential for folded structure and to calculate free energy contents, the algorithm for folding RNA of Zuker and Steigler (17) was used as adapted by Jacobson et al. (8) and was run on a Univac model 1100 computer. RESULTS
The intercistronic region that lies between the coding regions of the K. pneumoniae lacI and lacZ genes was * Corresponding author.
determined to be 196 bp long and to be contained within a 1.2-kilobase PstI subclone derived from the 4.8-kilobase HindIII parental DNA. To locate potential regulatory sites, the nucleotides of the intercistronic region were aligned and compared with the sequence that in E. coli lies between the 3' terminus of the lacI gene coding region and the 5' beginning of the lacZ coding region (Fig. 1) . Similarly, the complementary strand of the same K. pneumoniae sequence was aligned with the DNA that lies upstream from the 5' end of the sense strand of the E. coli locI gene (Fig. 2) . In neither case did the K. pneumoniae and E. coli sequences prove to be perfectly colinear. For the regulatory sequences of the lacZ and lacI genes, we found seven locations where a point-to-point comparison suggested that there are gaps of one to three nucleotides each. An analysis of the aligned nucleotides showed that both sets of regulatory sequences in the K. pneumoniae intercistronic DNA are 40 to 45% conserved overall relative to the corresponding E. coli regions. This was about the same level of conservation that we found in comparisons of the K. pneumoniae and E. coli lacI structural genes, but was less than the level of conservation found for the respective lacZ and lac Y genes (2) .
Given the level of conservation of the K. pneumoniae intercistronic DNA relative to the corresponding E. coli sequences, it seemed likely that the regulatory signals and binding sites that control expression of the K. pneumoniae lacZ and lac genes exist at loci that are homologous to and essentially colinear with the sites found in E. coli DNA ( Fig.  1 and 2 ). Scanning the K. pneumoniae sequences revealed that plausible regulatory sites could be identified at sites that were either precisely colinear with the E. coli sites or were displaced by 1 or 2 bp. One exception was the placement of the putative Shine-Dalgarno sequence of the lacZ gene, which appears to be displaced by at least 5 bp. The tentative assignments of the -10 and -35 promoter regions for both lacI and lacZ genes, the Shine-Dalgarno sequences for both genes, and the presumptive cAMP receptor protein (CRP) and lac repressor binding sites are all indicated in Fig. 3 .
Within the K. pneumoniae intercistronic region, we found 19 nucleotides (identified in Fig. 3 ) that exhibit partial homology with E. coli DNA, both with sequences at the 5' end of the lacZ regulatory region (dotted in Fig. 1 ) and, in the opposite strand, with sequences at the 5' end of the lacI regulatory sequences (dotted in Fig. 2 ). Alignment of both of the E. coli sequences with the 19 nucleotides of K. pneumoniae required introduction of a 3-bp gap in both E. coli sequences, at the same position relative to the K. pneumoniae nucleotides in both sequences.
The operator regions of both the E. coli lac and gal operons were compared with the corresponding K. pneumoniae lac DNA (Fig. 4) . Single nucleotide gaps were introduced to improve alignment of like nucleotides. When this alignment was used, the nucleotides of the K. pneumoniae lac operator region were about 60% conserved relative to the E. coli lac operator region and 66% conserved relative to the corresponding E. coli gal operator DNA. These levels of conservation are higher than the levels for the intercistronic region as a whole and are about the same as the levels for the lacZ and lac Y structural genes of K. pneumoniae and E. coli (2) . An examination of only the 17-bp sequence that corresponds to the E. coli operator (Fig. 4) Fig.  1 . The nucleotide positions are indicated by numbers that refer to the total sequence of the 4.8-kilobase fragment; the numbers indicate the residues of the strand that carries the sense coding sequence of the lacd gene. The E. coli sequence was determined by Dickson et al. (6) . For further explanation see the legends to Fig. 1 and 2 . OP, Operator.
operator sequences. However, despite this high level of conservation of the nucleotide sequence, there was a failure in K. pneumoniae to conserve the strong symmetry characteristic of the E. coli operator.
Similarly, the presumed cAMP-CRP binding site of K. pneumoniae contains little conserved symmetry. However, the four nucleotides GTGA are present and align with nucleotides which in the E. coli lac and gal operons are part of the characteristically conserved TGTGA sequence (15) .
A computer analysis in which we used a folding program to examine pairing relationships of the nucleotide sequence of a single strand of the 196-bp K. pneumoniae regulatory region disclosed several imperfect inverted repeat sequences capable of forming interrupted palindromic structures. This study revealed more than one opportunity for folding in the sequence. In one folding pattern, the complete intercistronic region comprised a single hairpin loop (Fig. 5) . This structure was calculated to have a favorable free energy relative to a random coil (AG = -55.5 kcal/mol). An alternate folded structure composed of four smaller hair pin loops (Fig. 6 ) was energetically almost equivalent (AG = -47.6 kcal/mol). DISCUSSION Since the K. pneumoniae lac operon has a divergent structure, with the lacZ and lacI genes transcribed from opposite strands, whereas in the E. coli lac operon the lacZ and lacI genes are transcribed successively in the same direction, an inversion must have occurred in the course of the evolutionary divergence of the K. pneumoniae and E. coli lac genes. It should be possible to locate the endpoints of the inversion by inspecting the relationships between the E. coli and K. pneumoniae nucleotide sequences on either side of the lacI gene. The 19 bp in the K. pneumoniae intercistronic region (Fig. 3 , cross-hatched box) are partially homologous with two physically separated sets of nucleotides from the 5' ends of both the E. coli lacZ and lacd regulatory sequences. These loci appear to delineate one of the ends of the inversion in K. pneumoniae and both ends of the inversion in E. coli. The sites in E. coli are the two 16-bp sequences that lie at the extreme 5' ends of the lacd and lacZ genes, as shown in Fig. 1 and 2 . In both of the 16-bp E. coli sequences there are 3-bp gaps at the same positions relative to the 19-bp K. pneumoniae sequence.
The ancient inversion event could have occurred in an ancestral genome that had either the E. coli configuration or the K. pneumoniae configuration. Looking at the event as if it occurred in a DNA organized as in E. coli, the inversion appears to have entailed recombination at some point within the 16 nucleotides that begin 62 bp upstream from the lacI coding region and at the physically separated homologous pneumoniae chromosome within the 19-bp segment that is indicated in Fig. 3 and another new junction that should be located in the K. pneumoniae genome downstream from the lacI gene, beyond the end of the nucleotide sequences that have been determined to date.
The nucleotides that are presumed to comprise the K. pneumoniae lac operator sequence are more highly conserved relative to E. coli than are other parts of the intercistronic region. In fact, the presumed K. pneumoniae operator sequence is more conserved relative to the E. coli lac operator (Fig. 4) than the two lacZ genes are to each other (2) . However, despite the high level of conservation, the bases that differ in the K. pneumoniae operator are bases that are important for symmetry and palindromic character. The K. pneumoniae operator has very little symmetry, an unexpected finding in view of the studies that indicate that the palindromic symmetry in the E. coli lac operator is important with respect to tightness of binding of the lac repressor protein (16) . The K. pneumoniae lac genes are arranged head to head.
There are other divergent Klebsiella operons. One example is the organization of the pentitol operons (4, 13) . The rbt operon that encodes ribitol dehydrogenase and Dribulokinase is positioned head to head with the dal operon that encodes D-arabitol dehydrogenase and D-xylulokinase. The two operons are separated by a 3.5-kilobase control region and are transcribed in opposite directions. Another example which more closely resembles the arrangement of the lac genes is the histidine utilization gene cluster, hut, which consists of more than one transcriptional unit (1) . In one of these units, the transcription of the hutU and hutH genes is controlled by a divergent regulatory region with oppositely faced promoters disposed so that RNA polymerase binding and transcription in each direction are mutually exclusive. This was shown through nucleotide sequencing and in vitro transcription experiments which revealed that the two oppositely oriented -35 sequences are interspersed and that the cAMP-CRP binding site overlaps an oppositely oriented Pribnow box (14) .
Overt overlap of the presumed regulatory binding sites of the lacI and lacZ genes was not found in the K. pneumoniae intercistronic region, although the cAMP-CRP binding sequence lies close to the -35 sequence for the lacI gene (Fig.   3 ), raising the possibility that one effect of cAMP-CRP binding could be to interfere with transcription of the lac repressor gene.
A role for DNA cruciform structures in regulation of bacterial genes has not been demonstrated. Palindromic and quasipalindromic sequences in DNA seem to play a role both in suppression of frameshift mutations (5) and in generation of deletions (7) . In studies on configurations of inverted repeat sequences, cruciform structures have been shown to form when the repeated sequences reside in negatively supercoiled circular DNA (11) . Losses of energy of nucleotide pairing at the base of symmetrical hairpins and at mispairings within the hairpins have the effect of destabilizing a cruciform structure relative to a linear duplex, but these factors can be compensated either by superhelical density or by interaction of specific nucleotide sequences with specific binding proteins. A computer analysis of a single strand of the 196-bp sequence of the K. pneumoniae intercistronic region showed that in theory there are opportunities for achieving more than one cruciform configuration. These opportunities entail self-annealing within the single strands of this sequence. One possible structure is shown in Fig. 5 . In this form, part of the cAMP-CRP binding sequence is paired with part of the -35 sequence of the lacZ gene, and the regulatory sequences that immediately precede the lacZ gene are base paired with the opposite end of the intercistronic region that carries the sequences that immediately precede the lacI coding region.
An alternate folded arrangement is shown in Fig. 6 . Here the cAMP-CRP binding site is paired with nearly two-thirds of the -35 sequence of the lacI gene and only a part of the -35 sequence of the lacZ gene, a folding and pairing pattern that is distinct from that shown in FIG. 6. Alternate folded structure for the K. pneumoniae lac regulatory region. The structure was generated by using the program of Jacobson et al. (8) . Segments of the sequence were evaluated sequentially as follows (in terms of the numbering shown in Fig. 3 ): 1 through 97, 98 through 126, and 127 through 196. The free energy of the structure was calculated to be -47.6 kcal/mol, and the free energies of the individual hairpins (from left to right) were determined to be -16.4, -10.0, -4.2, and -17 kcal/mol. The regulatory sequences, the locations of coding regions, and the nucleotide coordinates are indicated as described in the legend to Fig. 5. folding patterns might play different roles in regulation of gene expression. Alternate structures might affect the strength of repressor binding to the operator sequence. Initiation of transcription of the lacZ and lacI genes might be affected by differences in the two structures with respect to proximity of the cAMP-CRP binding site to the RNA polymerase binding sequences.
Alternative, mutually exclusive folded structures of RNA transcripts provide the foundations for attenuation mechanisms for regulation of expression of procaryotic biosynthetic genes (9) . Perhaps similar mechanisms either at the DNA level or at the mRNA level exist for the regulation of expression of some catabolic operons. Future in vitro mutagenesis, transcription, and protection studies should provide needed experimental information on these points.
